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FUNCTIONAL BONE TISSUE engineering usually involves various types of cells, of which osteoblasts and osteoclasts regulate the balance between bone formation and bone resorption and endothelial cells (ECs) control the process of neovascularization (16, 31, 50) . During osteogenesis, an intimate relationship exists between bone vascular endothelium and osteoblastic cells, and this cross-talking has been further recognized by the prerequisite for vascularization during both intramembranous and endochondral ossification (7, 41) . Therefore, interactions between osteoblasts and ECs have been widely studied and complex reciprocal cell communications have been reported in several in vitro studies (35, 47) .
In our previous studies, human umbilical vein ECs (HUVECs) were demonstrated to migrate along human osteoprogenitors (HOPs) to form a specific tubular-like network structure (21) . The alkaline phosphatase (ALP) and type I collagen synthesis of HOPs in the coculture system were found to be significantly upregulated, whereas downregulation of runx2 and osteocalcin (OC) were detected (22, 23) . Vascular endothelial growth factor (VEGF), which was predominantly released by the HOPs in the coculture system, appeared to play an important role in the communication between osteoblasts and ECs (21, 46) . In addition, other paracrine factors in the communication pathways between bone cells and ECs have been well studied (15) . A connexin43 (Cx43) gap junction, which is necessary for the stimulation of ALP activity, has been detected (47) . Regarding the models of cell-cell communications, Grellier et al. (20) suggested that there were three ways for cells to talk to each other: the gap junction communications, the adherens and tight junctions, and the secretion of diffusible factors that could activate specific receptors on the target cells.
Based on our previous studies on gap junction and VEGF, we hypothesize that the adherens junction may also play an important role in the communication of HBMSCs and HUVECs. Adherens junctions mediate cell-cell adhesion by the members of cadherin family, among which neural (N)-cadherin is one of the major cadherins (1, 38, 43) . Ncadherin is noncell specific and is one of the limited numbers of cadherins that are expressed by both of osteoblasts and ECs (17) .
In a review, Marie (34) concluded that N-cadherin was expressed at all stages of bone development and played an important role in normal and pathological bone formation through controlling the osteoblastic gene expression and differentiation. Functional studies using neutralizing antibodies or antisense oligonucleotides indicated that N-cadherin was involved in the control of the expression of osteoblastic differentiation via bone morphogenic protein 2 expression (26) . N-cadherin was also proved to play a role in osteoblast differentiation by an in vitro model of osteogenesis. In this model, osteoblastic cells derived from periodontal ligament formed multilayers in culture, enhancing the formation of bone-like nodules and the expression of N-cadherin mRNA at the stages of nodule formation and mineralization (33) . Ferrari et al. (14) demonstrated that N-cadherin mRNA expression increased concomitantly with osteoblast differentiation in vitro, as evaluated by changes in ALP and OC gene expression. Through an in vivo study, Castro et al. (8) demonstrated that disruption of N-cadherin hindered osteoblast differentiation and decreased bone formation.
It has been widely demonstrated that cadherins may transfer intracellular signals through their linkage to actin cytoskeleton via binding to ␤-catenin and/or plakoglobin (43) . Cadherincatenin complexes participate in signal transduction in many signaling pathways either as targets or as signal transducers to regulate their functions and expressions (32, 45, 49) . ␤-Catenin presents in a wide variety of protein complexes in both the cytoplasm and the nucleus. It is one of the catenins that cadherin binds to and has been reported to mediate cellular processes such as cell proliferation, differentiation, and gene expression by participation in cell-cell adhesion, Wnt signaling pathway, growth control, and translocation to the nucleus to bind transcription factors of the high mobility group such as TCF (T-cell factor) and lymphoid enhancer factor (4, 6, 9, 36, 37, 39, 40) .
Considering the fact that N-cadherin is one of the limited numbers of cadherins that are expressed by osteoblasts, we speculate that N-cadherin may be responsible for improving the interactions between ECs and other N-cadherin-expressing surrounding cells and plays a crucial role in the communication between HBMSCs and HUVECs. In addition, N-cadherin has been reported to be able to regulate the differentiation of monocultured osteoblastic-like cells (14, 26, 33, 34) . So, we hypothesize that cocultures of HBMSCs with HUVECs will change N-cadherin expression and localization. Furthermore, the recognition that ␤-catenin is one of the catenins that N-cadherin binds to and can regulate cell differentiation also attracted us. Therefore, this study focused on the investigation of the role of N-cadherin and ␤-catenin in the osteoblastic differentiation of HBMSCs in cocultures with HUVECs.
MATERIALS AND METHODS
Cell culture. HBMSCs were obtained according to methods described previously (21, 46) . Briefly, we aspirated bone marrow from the femoral diaphysis or iliac bone after obtaining consents from patients (age 20 -70 yr) undergoing hip prosthesis surgery after trauma. The human bone marrow was then sequentially filtered with syringes fitted with 16-, 18-, and 21-gauge needles, and cells were then cultured in Iscove's modified Dulbecco's medium (IMDM, GIBCO) supplemented with 10% (vol/vol) FBS, 100 U/ml penicillin, and 100 g/ml streptomycin and incubated in a humidified atmosphere containing 5% (vol/vol) CO 2 at 37°C. Dexamethasone at 10
Ϫ8
M was added to the culture medium during the first 2 wk of culture to induce ALP and mineralization of adherent cells (46) . Cells cultured with this method are confirmed as osteoprogenitors and expressed the following bone-marker proteins: osteocalcin (OC), ALP, type I collagen, osteonectin, and calcium binding protein (CaBP28K) (11) (12) (13) 46) . ECs were isolated from the human umbilical cord vein according to the descriptions of Bordenave et al. (5) and Jaffe et al. (27) . Briefly, the cord was severed from the placenta soon after birth and stored in a sterile container filled with cord buffer (0.14 M NaCl, 0.004 M KCI,0.001 M phosphate buffer, pH 7.4, 0.011 M glucose) at 4°C until processing. A blunt 14-gauge needle was inserted into the umbilical vein, and the needle was secured by clamping the cord over the needle. The vein was then washed with cord buffer perfused by a syringe through a filter until the outlet is clear without blood. The other end of the umbilical vein was then cannulated with a same needle as above and secured with a clamp. Five milliters of 1 mg/ml collagenase (Roche Diagnostics, Mannheim, Germany) in cord buffer were then infused into the umbilical vein with a syringe, and the umbilical cord was incubated in cord buffer at 37°C for 15 min with suspension of ends. After incubation, the collagenase solution containing the ECs was flushed from the cord by perfusion with 30 ml of cord buffer. The effluent was collected in a sterile conical centrifuge tube and centrifuged at 1,000 rpm for 10 min. After the supernatant was disgarded, the cell pellets were redispersed in IMDM supplemented with 20% (vol/vol) FBS and 0.4% (vol/vol) EC growth supplement/heparin kit (Promocell). For immunofluorescence detection, cells were cultured on glass coverslips in 24-well plates at the densities of 20,000 and 40,000 HUVECs/cm 2 . Cell separation after coculturing using magnetic beads. Cells were harvested in cold 0.1 M PBS, pH 7.4, containing 0.125% (wt/vol) trypsin and 2 mM EDTA. HUVECs were then separated from HBMSCs by applying magnetic beads coupled with an antibody against CD31, a specific protein of ECs, according to the method established by Guillotin et al. (22) .
Protein extraction. For total protein extracts, cell pellets (HBMSCs, HUVECs, co-HBMSCs, and co-HUVECs) were washed twice with cold PBS containing protease inhibitors [10 g/ml aprotinine (Sigma), 10 g/ml leupeptin (Sigma), and 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) (Fluka)]. The obtained pellets were then lysed in a RIPA buffer containing 50 mM Tris·HCl, pH 8, 150 mM NaCl, 0.1% (vol/vol) Nonidet P-40, 10 g/ml aprotinine, 10 g/ml leupeptin, and 1 mM AEBSF at 4°C for 30 min with agitation. The lysates were then centrifuged at 16,000 rpm and 4°C for 20 min. The supernatant was collected and frozen at Ϫ80°C for Western blot analysis. Quantification of the protein was preformed using bicinchoninic acid protein assay kit (Pierce-Perbio Science). Nuclear extracts and cytosolic extracts were prepared as previously described (44) .
Quantitative real-time polymerase chain reaction. Total RNA was prepared from cells using Total RNA Isolation kit (NucleoSpin RNA II, MACHEREY-NAGEL) according to the manufacture's guidelines. http://ajpcell.physiology.org/ cDNA was synthesized according to the protocols established by Grellier et al. (21) .
Five microliters of cDNA, which was diluted at 1:40 in sterilized Mill-Q water, were mixed with 20 l SYBR-Green Supermix (2X iQTM, Bio-Rad) containing 50 mM KCl, 20 mM Tris·HCl, pH 8.4, 0.2 mM of each NTP, 25 U/ml iTaqTM DNA polymerase, 3 mM MgCl 2, SYBRTM Green I, and 10 nM fluorescein-stabilized in sterile Mill-Q water and were loaded in a 96-well plate. Primers of ALP, Col-I, N-cadherin, and TCF-1 (all from Eurogentec) were used as the final concentration of 250 nM, and P0 (a ribosomal protein) was used as a housekeeping gene; their sequences are summarized in Table 1 . Data were analyzed with the iCycler IQTM software and compared by the ⌬⌬Ct method, and each Q-PCR was performed in triplicate for PCR yield validation. Data were normalized to P0 mRNA expression of each condition and were quantified relative to Ncadherin, ALP, and Col-I gene expressions of HBMSCs after 24 and 48 h culture, which were standardized to 1.
Immunofluorescence. At the determined time points, cell layers were washed with Hank's buffered salt solution (HBSS) for at least three times and fixed with 4% (wt/vol) paraformaldehyde (PFA) at 4°C for 20 min. Cells were then permeabilized with 0.5% (vol/vol) Triton X-100 and blocked with HBSS containing 1% (wt/vol) bovine serum albumin (BSA) for 1 h at 37°C before incubation overnight at 37°C in a cocktail of primary antibodies containing rabbit anti-von Willebrand factor (vWf) (diluted in HBSS-0.5% BSA at 1/1,000, DAKO A/S) and mouse anti-N-cadherin (diluted in HBSS-0.5% BSA at 1/500, Santa Cruz Biotechnology) for double staining of N-cadherin and vWf. For revealing the N-cadherin and vWf, cells were washed with HBSS followed by incubation with Alexa 488 rabbit anti-mouse IgG secondary antibody followed by washing and incubation with Alexa 568 goat anti-rabbit IgG secondary antibody (all from Invitrogen) diluted in HBSS-BSA 0.5% at 1/400 and incubated for 1 h at 37°C. Finally, nuclei were revealed by incubating the cells with 1 g/ml 4=6-diamidino-2-phenylindole (DAPI) (FluoProbes) for 10 min at room temperature. Cells were then observed with a fluorescence microscope (Nikon Eclipse 80i, Japan), and images were taken by a digital camera (Nikon Dxm 1200C, Japan). N-cadherin, vWf, and nuclei were stained in green, red, and blue, respectively.
Western blot analysis. Proteins were separated by 10% (wt/vol) sodium dodecyl sulfate polycrylamide gel electrophoresis (SDS- PAGE) and electrotransferred to a polyvinylidene difluoride membrane (PVDF) (Immobilon-P; Millipore). Membranes were blocked with Tris-buffered-saline-Tween blocking buffer [TBS-T: 20 mM Tris·HCl, pH 7.4, 150 mM NaCl, 0.05% (vol/vol) Tween 20] containing 5% (wt/vol) nonfat milk for 1 h at room temperature and then incubated overnight at 4°C with proper primary antibodies (anti-␤-catenin rabbit, diluted at 1/3,000 in the blocking buffer, Cell Signalling Technology), anti-N-cadherin (mouse, diluted at 1/500 in the blocking buffer, Santa Cruz Biotechnology), or anti-TCF-1 (Clone 7H3, mouse, diluted at 1/500 in the blocking buffer, Upstate). Loading control for total protein was performed by incubating membrane with a monoclonal antibody against ␣-tubulin (mouse, diluted at 1/30,000 in the blocking buffer) (Sigma) overnight at 4°C. Immunoreactive bands were visualized by using horseradish-peroxidase-conjugated secondary antibodies (goat anti-rabbit at the dilution of 1/15,000, Jackson ImmunoResearch Laboratories, or goat anti-mouse at the dilution of 1/5,000, Chemicon Euromedex, France). After additional washes with TBS-T, the membrane was immersed in enhanced chemiluminescence detect reagent (ECL Plus) (Amersham BioSciences) for 5 min and exposed to KODAK photographic film. The intensities of the bands were quantified by a Bio Imaging System (Gene Genius) with GeneTools software. The results derived from the autodiograph presented in the figure, as well as from two other studies (autoradiographs not shown), were analyzed and standardized to ␣-tubulin. For detecting ␤-catenin and TCF-1 in nuclei, a same quantity of protein was filled in each lane, and the intensity of each band was quantified and normalized to that of HBMSCs after 24 h of culture. ␣-Tubulin was used to confirm the separation of the protein from cytoplasm and nuclear.
Inhibition of N-cadherin using N-cadherin-neutralizing antibody.
For N-cadherin-blocking experiments, HBMSCs and HUVECs were separately pretreated with 10 g/ml monoclonal anti-N-cadherin (clone GC-4, Sigma) antibody overnight before they were cultured on glass coverslips or in 25-cm 2 flasks with 20 g/ml of the same antibody. As controls, nonpretreated cells were cultured without the neutralizing antibody. After that, a cocktail of primary antibodies containing rabbit anti-vWf (diluted in HBSS-0.5% BSA at 1/1,000, DAKO A/S) and mouse anti-procollagen type IC-peptide (diluted in HBSS-0.5% BSA at 1/1,000, Takara Bio) was used for immunofluorescence. Same secondary antibodies as previously described in Immunofluorescence were used to reveal the Col-I in green and vWf in red. ALP in co-HBMSCs was stained according to the method described previously (22) . Q-PCR was applied to detect the mRNA levels of ALP and Col-I after cells being cultured for 24 and 48 h with or without N-cadherin-neutralizing antibody.
Statistical analysis. All data were expressed as means Ϯ SD for n ϭ 3 (three independent experiments) and were analyzed by using standard analysis of Student's t-test. Differences were considered significant when P Յ 0.05 (a) or P Յ 0.01 (b).
RESULTS
HUVECs formed a cobblestone confluent monolayer and HBMSCs formed a homogeneous multilayer, which are typical for these two types of cells when they are under monoculture. However, in the direct contact coculture system, specific tubularlike networks were clearly observed after 48 h of cocultures (data not shown), which is in accordance with our previous observations (21, 22) . During the first 24 h, co-HBMSCs showed higher N-cadherin gene expression than that of HBMSCs, whereas HUVECs and co-HUVECs expressed the same gene levels (Fig. 1A) . After being cultured for 48 h, co-HUVECs expressed almost threefold higher N-cadherin than monocultured HUVECs, whereas N-cadherin in co-HBMSCs increased and was statistically higher than that in monocultured HBMSCs. Meanwhile, monocultured HBMSCs and HUVECs showed no significant change of N-cadherin mRNA level (Fig. 1A) . The overexpression of N-cadherin in cocultured cells was quantitatively confirmed by Western blot analysis as shown in Fig. 1B . After being cultured for 24 h, cells in the coculture system expressed significantly more N-cadherin compared with that in the monocultured cells. This phenomenon continued in the culture and more significant differences were observed after the cells were cultured for 48 h.
In addition, ALP and Col-I gene expression of co-HBMSCs were significantly upregulated and were much higher than that of monocultured HBMSCs during all the time (Fig. 2, A and B) . Expressions of ALP and Col-I in HUVECs and co-HUVECs were negative, which could be regarded as controls in this experiment. Figure 3 shows the immunofluorescence staining of Ncadherin in monocultured and cocultured cells. For monocultured HUVECs and HBMSCs, N-cadherin mainly distributed within cytoplasm, and the signal was much weaker than that in the cocultured HUVECs and HBMSCs where continuous thick green lines could be observed. Interestingly, N-cadherin expressed in co-HBMSCs was accumulated in the membrane of cells (arrows pointed) instead of being all over the cytoplasm. Although it was overexpressed, N-cadherin in co-HUVECs distributed within the cytoplasm, which was similar to the N-cadherin location in monocultured HUVECs.
We further observed that nuclei of co-HBMSCs had the strongest ␤-catenin expression among all the cells after 24 h culture (Fig. 4A) . After 48 h culture, more ␤-catenin protein appeared in the nuclei of all cells compared with those after 24 h culture, which indicated more and more ␤-catenin translocated from cytoplasm to nuclei. Interestingly, ␤-catenin in HUVECs and co-HUVECs were much higher than those in HBMSCs and co-HBMSCs, and the expression of ␤-catenin in the nuclei of co-HUVECs was much higher than in the monocultured HUVECs. Unfortunately, TCF-1 protein could not be detected in the nuclei of all cells by Western blot. However, TCF-1 gene expression was successfully detected by Q-PCR, and the results are shown in Fig. 4B . The changes of TCF-1 gene expression followed the similar pattern as to the expression changes of ␤-catenin protein in nuclei detected by Western blot. The only exception was that the gene expression of TCF-1 in co-HBMSCs decreased significantly after being cultured for 48 h.
We then blocked N-cadherin function by using N-cadherin-neutralizing antibody. In addition to slightly disturbing the formation of tubular-like network (data not show), the blocking of N-cadherin expression obviously downregulated the mRNA levels of osteoblastic early differentiation markers of ALP and Col-I in both of HBMSCs and coHBMSCs after being cultured for 24 and 48 h (Fig. 5, A and  B) . Revealed by cytochemistry staining of ALP (Fig. 5C,  a-d) and IF staining of Col-I (green) (Fig. 5C, e-h ), ALP and Col-I expression in the co-HBMSCs and HBMSCs with N-cadherin-neutralizing antibody were apparently decreased in a 24-h culture.
DISCUSSION
Although more and more studies focused on the interactions between ECs and osteoblastic cells in the past years, the outcomes of these studies were somewhat divergent. Whereas many positive influences of ECs on osteoblastic cell proliferation have been reported consistently, effects of ECs on osteoblastic cells differentiation still remain rather controversial (21-23, 28, 35, 46 -48) . Lately, more and more studies reported that endothelial cells enhanced osteoblastic-like cells differentiation only when cultured in direct contact with osteoblastic cells (22, 23, 29, 35, 47) , whereas negative influences were observed in the studies where nondirect-contact cocultures were applied (28, 46) . In our previous studies, Villars et al. (46) demonstrated a decrease in ALP activity in all nondirect-contact cocultures, whereas they also reported an increase in ALP activity in direct-contact cocultures while a decrease in OC synthesis in direct-contact cocultures in another study (47) . Guillotin et al. (23) showed that primary ECs were able to induce ALP activity of HOPs in direct-contact cocultures for up to 6 days. Kaigler and human primary osteoblasts led to a cell contact-dependent upregulation of ALP expression in osteoblasts, indicating that cocultured ECs may support osteogenic differentiation and osteoblastic cell functions. Our studies showed that the ALP activity and Col-I expression of HBMSCs were upregulated in direct-contact cocultures, which is in accordance with the above reports. However, why is the direct-contact coculture so important for the effects of ECs on the osteoblastic-like cells? Grellier et al. (20) have suggested that a direct cell-cell contact can involve adherens junctions and support maximum interaction between the cells in a coculture system, which indicating that the adherens junctions may play an important role in the communication of cells cocultured in direct contact. As one of limited adherens molecules in osteoblast lineage, N-cadherin has attracted more and more investigations, and there are several studies indicating that N-cadherin has effects on osteoblastic differentiation at different stages of the osteoblast lineage (8, 14, 26, 33, 34) . However, as far as we know, no study has investigated the roles of N-cadherin in the differentiation of osteoblastic-like cells in cocultures with ECs. In the present study, we found that N-cadherin expression was significantly upregulated in cocultures of HBMSCs and HUVECs, and the mRNA levels of two differentiation markers of osteoblasts were sharply enhanced. In addition, more N-cadherin was concentrated in the membrane of the cocultured HBMSCs than in the monocultured HBMSCs, indicating that the cell-cell adherens junction was improved. However, in co-HUVECs, N-cadherin distributed within the cytoplasm instead of concentrating in membrane. Many studies demonstrated that, in endothelium, VE-cadherin was strictly located at intercellular junctions, whereas N-cadherin usually diffused on cell membrane due to the exclusion of N-cadherin by VE-cadherin from the junctional localization (1, 38, 43) . In addition, it has been proven that junctional localization is not necessary for cadherin adhesive function (17) . Therefore, the distribution of N-cadherin in the cytoplasm of co-HUVECs may not affect the improvement of cell-cell adhesion and the communication between HBMSCs and HUVECs. When the expression of N-cadherin was inhibited by neutralizing antibody, downregulations of ALP and Col-I at both mRNA and molecule levels were clearly observed. These results indicated that N-cadherin is involved in the production of both ALP and type I collagen in the cocultured cells.
In addition to the increase of N-cadherin expression in the cocultured cells, we found that ␤-catenin translocated into cocultured cell's nuclei where the gene expression of TCF-1 was upregulated. It is well known that ␤-catenin exists in both the cytoplasm and the nucleus and is in a key position in the transcriptional regulation and coordination morphogenesis and cellular differentiation (4, 6, 9, 10, 25, 36, 37, 39, 40) . The translocation of ␤-catenin into the nuclei of cocultured cells and the upregulation of TCF-1 indicated that signal transcriptions became more active in the direct-contact cocultured cells than in the monocultured cells. However, there are some literatures suggesting that overproduction of cadherin inhibits the transcriptional activity of ␤-catenin, as it is well known that the cadherin not only sequesters ␤-catenin from the cytosol but also competes with TCF for many of the same residues on ␤-catenin (18) . These reports may explain the decrease of TCF-1 gene expression in co-HBMSCs at 48 h when there was an increase of N-cadherin mRNA level in co-HBMSCs, which may inhibit the transcriptional activity of ␤-catenin and downregulate the TCF-1 gene expression. Therefore, ␤-catenin, together with TCF-1, may be involve in the regulation of co-HBMSCs early osteoblastic differentiation through participating signal transductions.
The mechanisms by which N-cadherin controls osteoblastic marker genes still remain unclear, although more and more studies investigated it these years (2, 3, 30, 42) . Some studies proposed that N-cadherin-mediated cell-cell contacts might subsequently induce the early intracellular signaling events leading to gene expression (3, 18, 30) . It has also been reported that N-cadherin itself might participate in some signal transduction events involved in osteoblastic differentiation (2, 30) . Rundus et al. (42) found that N-cadherin was associated with Cx43-mediated gap junction communications and possible osteogenesis. They speculated that the increased cell-cell adhesion mediated by N-cadherin may lead to increase cell-cell communication and to coordinate gene expression via gap junctions in osteoblasts. Gramsch et al. (19) demonstrated that enhancement of Cx43 expression could increase the proliferation and differentiation of osteoblast-like cell line. By review of all the above studies, Marie (34) suggested that the induction of osteoblast differentiation might not entirely depend on N-cadherin, but other cell-cell adhesion molecules may be involved in osteoblast differentiation. In our previous study, gap-junction Cx43 was found to contribute to the communication between HBMSCs and HUVECs and the enhancement of osteoblast-like cells differentiation. Functional inhibition of gap junction by 18␣-glycyrrhetinic acid or inhibition of Cx43 synthesis with antisense decreased the stimulation effect of HUVECs on the differentiation of HBMSCs (47) .
According to the Rundus' findings (42) that N-cadherin may coordinate gene expression via gap junctions in osteoblast, we speculated that there is correlation between N-cadherin and Cx43 functionality. The enhanced expression of N-cadherin and cell-cell adhesion in the cocultures may increase the link between N-cadherin-Cx43 gap junctions, which may be one of the possible mechanisms for stimulating the early osteoblastic differentiation of HBMSCs.
We therefore concluded that cocultures of HBMSCs and HUVECs could increase the expression of N-cadherin. Ncadherin could upregulate the early osteoblastic differentiation of HBMSCs through improving cell-cell adhesion between HBMSCs and HUVECs first, which may subsequently induce the intracellular signaling events with the participation of ␤-catenin and TCF-1 to enhance the differentiation of HBMSCs. Based on the important role of N-cadherin in normal and pathological bone formation, this study provides some insight into the process involved in N-cadherin-mediated cell-cell adhesion and differentiation in osteoblasts interacting with ECs during bone formation.
